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ABSTRACT: For the successful development and application of
lubricants, a full understanding of the nanoscale behavior of
complex tribological systems is required, but this is diﬃcult to
obtain experimentally. In this study, we use nonequilibrium
molecular dynamics (NEMD) simulations to examine the
atomistic structure and friction properties of commercially
relevant organic friction modiﬁer (OFM) monolayers adsorbed
on iron oxide surfaces and lubricated by a thin, separating layer of
hexadecane. Speciﬁcally, acid, amide, and glyceride OFMs, with saturated and Z-unsaturated hydrocarbon tail groups, are
simulated at various surface coverages and sliding velocities. At low and medium coverage, the OFMs form liquidlike and
amorphous monolayers, respectively, which are signiﬁcantly interdigitated with the hexadecane lubricant, resulting in relatively
high friction coeﬃcients. At high coverage, solidlike monolayers are formed for all of the OFMs, which, during sliding, results in
slip planes between well-deﬁned OFM and hexadecane layers, yielding a marked reduction in the friction coeﬃcient. When
present at equal surface coverage, OFMs with saturated and Z-unsaturated tail groups are found to yield similar structure and
friction behavior. OFMs with glyceride head groups yield signiﬁcantly lower friction coeﬃcients than amide and particularly
carboxylic acid head groups. For all of the OFMs and coverages simulated, the friction coeﬃcient is found to increase linearly
with the logarithm of sliding velocity; however, the gradient of this increase depends on the coverage. The structure and friction
details obtained from these simulations agree well with experimental results and also shed light on the relative tribological
performance of these OFMs through nanoscale structural variations. This has important implications in terms of the applicability
of NEMD to aid the development of new formulations to control friction.
■ INTRODUCTION
In order to reduce energy consumption and thus CO2
emissions, it is necessary to increase the energy eﬃciency of
engineering systems and an important way to achieve this is to
design lubricants that give low friction. This need for greater
energy eﬃciency has led to a shift toward lower-viscosity
lubricants, which means that an increasing number of
engineering components operate under boundary (thin ﬁlm)
lubrication conditions. As a result, lubricant additives that
reduce friction and wear under boundary conditions are of
increasing importance.1 Moreover, with growing concern that
engine exhaust after-treatment systems may be poisoned by
elements found in some types of friction modiﬁer additives,2
there has been a resurgence of interest in organic friction
modiﬁer (OFM) additives which are based solely on C, H, O,
and N atoms.
OFMs are amphiphilic surfactant molecules that contain a
nonpolar hydrocarbon tail group attached to a polar head
group.3 The generally accepted friction reduction mechanism
involves the adsorption of the polar head group to metal or
ceramic surfaces, with strong, cumulative van der Waals forces
between proximal nonpolar tails leading to the formation of
incompressible monolayers that prevent contact between solid
surfaces to reduce adhesion and friction.4
Many diﬀerent amphiphiles have been tested as OFMs, and
there are three main structural variables: (i) the nature of the
head group, (ii) the length of the hydrocarbon tail, and (iii) the
structure of the hydrocarbon tail, whether straight or branched
and whether saturated or unsaturated.1 Early OFMs contained
carboxylic acid head groups; however, these were soon found to
cause high levels of corrosion for some bearing metals, and they
were gradually replaced in most applications by less corrosive
amphiphiles such as amines, amides, esters, or chelating
combinations of such groups.1 Nonetheless, most experimen-
tal3−13 and simulation14−19 tribology studies have utilized
OFMs with carboxylic acid head groups. There have been far
fewer studies of the more commercially relevant amine,20−22
amide,9,23 or glyceride2,10 OFMs. Boundary friction experi-
ments have shown that glyceride10 and amide9 OFMs can yield
lower friction coeﬃcients than their acid counterparts, though
the reasons for this were yet to be established prior to this
current study. With respect to tail group selection, commercial
OFMs generally utilize unbranched aliphatic tail groups
containing 12−20 carbon atoms as a result of their eﬀective
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friction reduction,6 high base oil solubility, and availability from
natural fats and oils.1 These natural fats and oils contain
mixtures of molecules with saturated as well as mono and
polyunsaturated tail groups which are generally used
collectively rather than being separated into individual tail
group types.1 The most widely studied components in the
literature are saturated C18 chains (stearyl) and monounsatu-
rated C18 chains with an unsaturated Z-alkene at the C9
position (oleyl).1 Boundary friction experiments at equal
concentration showed that OFMs with saturated tails, such as
stearic acid and glycerol monostearate, gave low friction
coeﬃcients which increased linearly with the logarithm of
sliding velocity.10 Conversely, OFMs with Z-unsaturated tails,
such as oleic acid and glycerol monooleate, yielded signiﬁcantly
higher friction coeﬃcients that remained relatively constant
with sliding velocity.10 One aspect of this current study is to
establish whether these observations are due to diﬀerences in
the nanoscale structure of the ﬁlm or simply arise from a lower
surface coverage at a given concentration as a result of the
“kinks” from the Z-alkene in the middle of the tail group.
In order to understand how the head and tail groups
inﬂuence the performance of OFMs, it is necessary to obtain a
clear picture of (i) the structure of the OFM ﬁlm and its
modiﬁcation of the interface between the polar metal oxide
surface and the hydrocarbon lubricant and (ii) the eﬀect that
this has on the friction coeﬃcient. Detailed structural
information on OFM ﬁlms at the surface−lubricant interface
can be obtained from experimental techniques such as sum
frequency spectroscopy (SFS),23 polarized neutron reﬂectom-
etry (PNR),11,20 the surface force apparatus (SFA),8 and in situ
atomic force microscopy (AFM).13,22 These methods can be
used to monitor monolayer formation and gather information
such as the OFM ﬁlm thickness and tilt angle. The friction
behavior of OFM ﬁlms can also be investigated using AFM13,22
and SFA8 as well as dedicated boundary friction experi-
ments.9,10 The experimental boundary friction results discussed
in this study come mainly from sliding tests using a steel−steel,
ball-on-disk contact and a hexadecane solvent.10 These tests
employ low sliding velocities (mm s−1) and high pressures
(GPa) in order to minimize lubricant entrainment and thus
maintain boundary lubrication conditions.
Classical molecular dynamics simulations can be used to
simultaneously probe the nanoscale structure and friction of
OFM ﬁlms,16,21 making it a valuable complement to experi-
ments. The use of well-tested all-atom force ﬁelds yields an
accurate representation of the structure of large systems (tens
of thousands of atoms), where the collective behavior of many
OFM molecules can be reliably analyzed over time. Moreover,
nonequilibrium molecular dynamics (NEMD) simulations can
provide important information on the frictional behavior of the
system under a range of conditions. Indeed, NEMD simulations
have provided unique insights into the friction behavior of a
multitude of systems, from alkylsilane monolayers on silica
surfaces24 to diamondlike carbon (DLC) coatings25 and
platinum AFM tips on gold surfaces.26 Previous NEMD
simulations of OFM monolayers have analyzed the ﬁlm
structure and friction of acid16 and amine21 OFMs using
reasonably thick lubricant ﬁlms, low pressure (Pz = 0.1 GPa),
and relatively low coverages. NEMD simulations have also been
used to quantify the Derjaguin oﬀset in high-coverage
carboxylic acid ﬁlms both in intimate contact and separated
by a thin layer of lubricant.15 It has been suggested from these
simulations that OFM monolayers that are less interdigitated16
and smoother15 yield lower friction coeﬃcients. However, the
speciﬁcs of how the OFM ﬁlm structure and friction change
with molecular structure, coverage, and sliding velocity are yet
to be fully explored in systems with thin lubricant ﬁlms under
high pressure (Pz = 0.5 GPa) as used in boundary friction
experiments.10
Thus, the aim of the current study is to use NEMD
simulations to shed light on the nanoscale structure of OFM
ﬁlms adsorbed on iron oxide surfaces and separated by a thin
layer of hexadecane to calculate the friction coeﬃcient as a
function of coverage and sliding velocity and to fully explore
links between the structure and friction. A wide range of OFMs
are explored in order to better understand the inﬂuence of head
group type and tail group Z-unsaturation on structure and
friction (Figure 1b). In addition, the use of OFM ﬁlms with a
wide range of coverages, including close to the theoretical limit,
should indicate the signiﬁcance of the formation of close-
packed monolayer ﬁlms in the reduction of boundary friction.
The velocity dependence of the friction coeﬃcient for diﬀerent
OFMs and coverages will also be analyzed and compared to
boundary friction experiments. The structure of the remainder
of this publication will now be outlined. First, the general
system setup for all of the simulations is introduced, followed
Figure 1. Simulation details: setup for compression and sliding simulations (a). Example shown for SA at high coverage after compression, before
sliding. Head groups are shown with O in red and H in white, terminal C in yellow, and the other tail group C in cyan. Hydrogen atoms in the tail
groups are omitted for clarity. In the slab, Fe atoms are shown in pink. Periodic boundary conditions (yellow dotted line) are applied in the x and y
directions. Rendered using VMD.45 Chemical structures of OFMs simulated in this study (b): stearic acid (SA), stearic amide (SAm), glycerol
monostearate (GMS), oleic acid (OA), oleamide (OAm), and glycerol monooleate (GMO).
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by the speciﬁc methodology for the preliminary squeeze-out
and compression and sliding simulations. This is followed by
the results of the preliminary squeeze-out simulations and
ﬁnally the structure and friction results from the compression
and sliding simulations are discussed in detail.
■ METHODOLOGY
System Setup. A representative example of the systems
simulated in this study is shown in Figure 1a. It consists of a
thin layer of hexadecane lubricant conﬁned between two OFM
monolayers adsorbed on iron oxide slabs. All structures were
constructed using the Materials and Processes Simulations
Platform (MAPS) from Scienomics SARL. Three diﬀerent
OFM head groups (carboxylic acid, amide, and glyceride) and
two diﬀerent tail groups (stearyl and oleyl) are considered in
these simulations. Acid OFMs were selected to allow
comparison to previous experiments and simulations, whereas
amide and glyceride OFMs are more commercially relevant.1
Speciﬁcally, NEMD simulations were used to compare the
structure and friction of stearic acid (SA), oleic acid (OA),
stearic amide (SAm), oleamide (OAm), glycerol monostearate
(GMS), and glycerol monooleate (GMO) ﬁlms over a range of
surface coverages and sliding velocities (Figure 1b). Hexade-
cane was chosen as a model base oil because its properties are
well-deﬁned, and it is commonly employed in both
experimental10,13,22 and modeling15,16,21 tribology studies.
Given that charge separation is unfavorable in the low-polarity
hexadecane solvent, all OFM molecules were assumed to be in
their electronically neutral form.
Classical MD simulations were performed using LAMMPS.27
In all of the MD simulations, (100) slabs of α-iron(III) oxide28
(hematite) with dimensions (xyz) of approximately 55 Å × 55
Å × 12 Å were used as the substrates, representing a single
asperity contact. Periodic boundary conditions were applied in
the x and y directions. Care was taken to cleave the surface in a
manner such that the Fe/O ratio remained at 2:3 in order to
ensure that surfaces with no overall charge were produced.
OFM molecules were oriented perpendicular to, and initially 3
Å from, the interior surfaces of two such slabs (Figure 1a). This
produced OFM ﬁlms similar to those formed by the
Langmuir−Blodgett experimental procedure, e.g., ref 5.
Hexadecane molecules were then randomly distributed
between the OFM ﬁlms.
If one assumes a monodentate binding mode for the
glycerides, then the limiting head group area for all of the
OFMs is around 22 Å2.29 The surface coverage or packing
density can be quantiﬁed as the number of head groups per area
of surface, Γ. A high surface coverage (Γ = 4.32 nm−2), close to
the maximum theoretical value,29 is simulated by adsorbing 132
OFM molecules on each 3000 Å2 slab to form a close-packed
monolayer. Two other surface coverages are considered: a
medium coverage (Γ = 2.88 nm−2), which is approximately
two-thirds of the maximum coverage, and a low coverage (Γ =
1.44 nm−2), which is around one-third of the maximum
coverage. The high-coverage simulation has been achieved
experimentally on steel surfaces for acids and amides29 but has
not been reported for glycerides. However, previous MD
simulations2 as well as experimental results at the air−water
interface30 suggest that the high coverage employed should also
be possible for glycerides. In tribology experiments, the OFM
concentration in the lubricant is generally used rather than
surface coverage because it is far easier to measure and control.
PNR experiments of palmitic acid11 suggest that at intermediate
concentrations (150−1000 ppm) the surface coverage increases
linearly with OFM concentration in the lubricant. However, in
order to directly compare the OFM concentration and
coverage, more research is required to understand the
asymptotic behavior of the coverage at lower and higher
concentrations for the speciﬁc molecules studied here.
A combination of several updated versions of the OPLS all-
atom force ﬁeld31 were used to represent both hexadecane and
the OFM molecules; full details and original references can be
found in the Supporting Information. The OPLS family of force
ﬁelds was chosen for three main reasons: (i) the inclusion of
speciﬁc parameters for all of the functional groups required,31,32
(ii) the all-atom representation that is expected to be critical in
accurately modeling friction in this system (quantitative
comparisons to be published separately), and (iii) recent
parametrizations available which allow far more accurate
representations of long-chain hydrocarbon than previously
possible.33 The ﬁnal point is critical because the original OPLS
parametrization has been shown to misrepresent the liquid−
solid phase behavior of long-chain alkanes,33,34 an issue which
would certainly impact the behavior observed in these
simulations. Lennard-Jones interactions were cut oﬀ at 10
Å,34 and “unlike” interactions were evaluated using the
geometric mean mixing rules, as prescribed in the OPLS
force ﬁeld.31 Electrostatic interactions were not cut oﬀ but
rather evaluated using a slab implementation of the PPPM
algorithm.35
Surface−lubricant and surface−OFM interactions were
represented by the Lennard-Jones and Coulomb potentials;
the hematite surface parameters selected were developed by
Berro et al.,36 which are outlined in the Supporting
Information. DFT calculations are also being conducted to
better understand the nature and strength of the surface−OFM
interactions. The hematite slab atoms were restrained in the
corundum crystal by harmonic bonds between atoms within 3
Å. The force constant of these bonds was chosen to be 130 kcal
mol−1 Å−2, which has been shown previously to keep the
surface structure suitably rigid but not to adversely aﬀect the
thermostatting.36 It is worth noting that in previous MD
simulations of the adsorption of similar molecules onto
hematite surfaces the adsorption energy was dominated by
the long-range electrostatic contribution between the head
group and the polar surface.14
The MD equations of motion were integrated using the
velocity Verlet algorithm with an integration time step of 1.0 fs.
Fast-moving bonds involving hydrogen atoms were constrained
with the SHAKE algorithm.37 The Langevin thermostat,38 with
a time relaxation constant of 0.1 ps, was used in all of the
simulations in order to maintain a temperature, T = 300 K. The
pressure (Pz = 0.5 GPa) was controlled by applying a constant
normal force to the outermost layer of atoms in the upper slab,
keeping the z coordinates of the outermost layer of atoms in
the lower slab ﬁxed, as previously proposed16,39 (Figure 1a).
Preliminary Squeeze-Out Simulations. To estimate the
thickness of the central hexadecane ﬁlm under the applied
pressure, preliminary squeeze-out simulations were performed
prior to the compression and sliding simulations. Previous
simulations40,41 and AFM experiments42 of hydrocarbon
squeeze-out between solid surfaces showed that there was an
energy barrier to overcome when removing suﬃcient ﬂuid to
result in one fewer molecular layer. The size of this barrier
increased when longer chains with a higher viscosity were used
and also increased progressively when fewer molecular layers
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remained in the contact.40−42 Hence, a relatively large pressure
was required to squeeze out the last few molecular layers of
ﬂuid. From these previous results, it was expected that an
equilibrium thickness of between 1 and 3 molecular layers of
hexadecane would remain in the contact under the simulation
conditions (Pz = 0.5 GPa, T = 300 K).
Starting from the system described above, 50 Å of vacuum
was added in the x and y directions to allow hexadecane
molecules to be squeezed out of the contact, and the strongly
adsorbed OFM molecules remained on the surface. Periodic
boundary conditions were maintained outside of this extended
system. At this stage, the thermostat was applied to the entire
system. Hexadecane molecules (200) were randomly dis-
tributed between the OFM-covered slabs, corresponding to
roughly 5 molecular layers for this contact area (∼3000 Å2).
The slabs were moved closer together by applying a velocity
(10 m s−1) to the top slab until the density of the OFM and
hexadecane region was similar to that of liquid hexadecane
(0.75 g cm−3) and the system was then energy-minimized.
Pressure (Pz = 0.5 GPa) was then applied until the average slab
separation reached equilibrium, after approximately 250 ps
(Figure 2a). The number of hexadecane molecules remaining in
the contact was estimated by dividing the number of
hexadecane carbon atoms between the slabs by 16. This
residual number of hexadecane molecules was used for the
following compression and sliding simulations.
The addition of vacuum to the edge of the system may mean
that so-called ﬁnite-size eﬀects43 inﬂuence the residual number
of hexadecane molecules. Therefore, squeeze-out simulations
were also conducted with system sizes two and four times as
large as those used in the compression and sliding simulations
to ensure consistency. Indeed, the squeeze-out data presented
in the results and discussion section scaled well with system
size, with the same number of hexadecane layers remaining
inside the contact in the larger systems (Supporting
Information).
Compression and Sliding Simulations. The compres-
sion and sliding simulations used systems containing a residual
number of hexadecane molecules from the squeeze-out
simulations, with the same three coverages of OFM molecules
as outlined previously but with the vacuum in the x and y
directions removed. A density similar to that of liquid
hexadecane (0.75 g cm−3) was reached by moving the top
slab down at 10 m s−1 prior to energy minimization. The
system was then pressurized (Pz = 0.5 GPa), thermostated in
directions perpendicular to the compression (x and y), and
allowed to equilibrate at 300 K. Initially, the slab separation
varied in a damped harmonic manner, so sliding was not
applied until a constant average slab separation was obtained
and the hydrostatic pressure within the hexadecane ﬁlm was
close to its target value.36 These compression simulations were
generally around 200 ps in duration. During the compression
stage, there was a collective tilting of the OFM molecules
toward the surface in a random direction. The sliding direction
(x) was chosen to be perpendicular to the orientation of this
initial tilt (y). Previous NEMD simulations of monolayers in
intimate contact, with the tilt orientated parallel to the sliding
direction (x), have shown high friction and stick−slip behavior
due to the high commensurability of the interface.15,44
However, the presence of a thin, separating layer of hexadecane
in previous NEMD simulations has been shown to maintain
low friction.15 Hence, the consistently low friction observed in
boundary friction experiments10 is expected to be reproduced
in these simulations due to the presence of the hexadecane
layer between the OFM ﬁlms. Additional simulations with the
sliding direction completely aligned with the initial tilt were also
conducted to conﬁrm that the initial orientation of the tilt did
not inﬂuence the friction results obtained.
After compressive oscillation became negligible, a velocity of
vx = ±vs/2 was added in the x direction to the outermost layer
of atoms in each slab (Figure 1a), and sliding simulations were
conducted for 0.5−10 ns, depending on the sliding velocity, vs.
The values of vs applied were 1, 2, 5, 10, and 20 m s
−1, and all
simulations were run for long enough to yield a suﬃcient
sliding distance (10 nm) to obtain representative values for the
friction coeﬃcients (uncertainty <10%). Although lower sliding
velocities are desirable to match those used in boundary friction
experiments (typically mm s−1), they are not yet accessible
using all-atom NEMD simulations on this scale.16 During the
sliding simulations, any heat generated was dissipated using a
thermostat acting only on the middle 10 Å of both iron oxide
slabs (Figure 1a), applied in the direction perpendicular to the
both the sliding and compression (y).46 This is known to be
advantageous over direct thermostatting of the ﬂuid, which has
been shown to signiﬁcantly aﬀect the behavior of conﬁned
ﬂuids under sliding conditions.47 The boundary thermostatting
method applied here has been shown previously to be eﬀective
in controlling the temperature of similar systems and sliding
Figure 2. Results of squeeze-out simulations for representative OFM (SA) at diﬀerent coverages: variation in the slab separation (a) and the number
of hexadecane molecules within the contact volume (b), over 300 ps, Pz = 0.5 GPa. Inset schematics in (b) show the structure of the initial system,
followed by compression of the OFM ﬁlm and the squeeze out of hexadecane. Blue lines represent OFM molecules, and black lines represent
hexadecane. The orange dotted line shows periodic boundaries, and the purple dotted line shows the contact volume.
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velocities.48 At the onset of sliding, an expansion due to the
increase in temperature by shear heating was expected, so it was
ensured that steady-state sliding had been attained before
sampling began for the friction coeﬃecient.36 The time taken to
achieve steady-state sliding decreased with increasing sliding
velocity but always equated to approximately 2 nm of sliding
distance.
The kinetic friction coeﬃcient, μ, was obtained using the
extended Amontons−Coulomb law under the high load
approximation:16 FL/FN = F0/FN + μ ≃ μ. FL and FN are
respectively the average total lateral and normal forces acting
on each slab, and F0 is the load-independent Derjaguin oﬀset
representing adhesive surface forces. The validity of this
approximation was conﬁrmed for two test cases (SA and
GMO) by ensuring that a linear ﬁt of FL as a function of FN
gave an insigniﬁcant value of F0 and the same result for μ within
the statistical uncertainty. An insigniﬁcant value of F0 was
expected from previous simulations, which included a thin layer
of lubricant conﬁned between the monolayers.15 In general, the
assumption of μ ≃ FL/FN is appropriate for systems with low
adhesion (small F0) or under high applied loads (large FN);
49
both of these are applicable to these simulations.
■ RESULTS AND DISCUSSION
The results are presented as follows. Results of the preliminary
squeeze-out simulations are outlined ﬁrst. This is followed by a
detailed analysis of the structure of the ﬁlm at diﬀerent
Figure 3. Simulation snapshots of representative OFM (SA) after 500 ps of sliding at high coverage (i), medium coverage (ii), and low coverage (iii),
with Pz = 0.5 GPa and vs = 10 m s
−1. Oxygen atoms are shown in red; head group hydrogen atoms, in white; terminal carbon atoms, in yellow; the
other tail group carbon atoms, in cyan; and iron atoms, in pink. Hydrogen atoms in the tail groups are omitted for clarity. Periodic images and
boundaries are not shown. Rendered using VMD.45
Figure 4. Atomic mass density proﬁles in z, ρ(z), of OFM (orange) and hexadecane (blue) for (a) glyceride (GMS and GMO) and (b) carboxylic
acid (SA and OA) head groups with stearyl (solid) and oleyl (dotted) tail groups at high (i), medium (ii), and low (iii) coverages. The vertical black
dotted line in (b) shows the position of the top slab. Proﬁles for amides (SAm and OAm) as well as those under compression conditions are shown
in the Supporting Information. Image overlay shows a section of the SA OFM ﬁlm at corresponding coverages to help illustrate the interdigitation.
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coverages under sliding conditions. The friction results at
diﬀerent coverages and sliding velocities are then described and
linked to the structural variations in the ﬁlms. In what follows,
some properties are expressed as functions of the distance from
the surface, denoted by z; this is taken as the distance from the
innermost layer of atoms on the bottom slab.
Preliminary Squeeze-Out Simulations. Simulations to
establish the appropriate thickness of a boundary ﬁlm of
hexadecane under high pressure (Pz = 0.5 GPa) were
performed ﬁrst. The variation of the overall slab separation
and of the number of conﬁned hexadecane molecules from the
beginning of the simulation is shown for a representative OFM
(SA) in Figure 2. As expected, the slab separation distance
(Figure 2a) decreases asymptotically to reach an equilibrium
value.41 Changes in gradient due to layer−layer transitions41 are
most easily observed at low coverage, where the deformation of
the OFM has a less signiﬁcant eﬀect on the change in slab
separation than at medium and high coverage. The equilibrium
slab separation decreases from 30 Å at high coverage to 20 Å at
low coverage. All of the OFM ﬁlms deform considerably,
leading to signiﬁcantly thinner equilibrium slab separations than
Figure 5. Atomic position probability proﬁles in z, p(z), for carbonyl C (green), hexadecane terminal CTT (blue), and OFM terminal CTT (red)
atoms in GMS and GMO (a) and SA and OA (b) at high (i), medium (ii), and low (iii) coverages. Proﬁles for other OFMs are shown in the
Supporting Information. The vertical black dotted line in (b) shows the position of the top slab.
Figure 6. Radial distribution function (RDF) describing the ordering of the terminal CTT (dotted) and carbonyl C (solid) atoms for SA (orange)
and GMS (green) at high (i), medium (ii), and low (iii) coverages. The C RDFs are shifted upward by 10 units for clarity.
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those found in subsequent compression and sliding simulations,
where no vacuum is present in the x or y direction.
Figure 2b shows how the number of hexadecane molecules
inside the contact volume decreases with time. Before 25 ps,
there is little change in this value as the OFM ﬁlm is
compressed, but after this point, the number of molecules
decreases asymptotically as expected.41 The number of
hexadecane molecules stabilizes at around 70 at all coverages,
which corresponds to approximately two horizontally oriented
molecular layers. Thus, these simulations suggest that the
equilibrium number of hexadecane molecules remaining inside
the contact volume is essentially independent of OFM
coverage. This two-layer limit agrees well with extrapolations
from previous squeeze-out simulations for C3−C14 hydro-
carbons between gold surfaces40 as well as experimental AFM
data for hexadecane between graphite surfaces, which suggest
that the 2 → 1 layer transition occurs only above 0.6 GPa.42
These results did not vary signiﬁcantly between the diﬀerent
types of OFMs, so the subsequent compression and sliding
simulations were based on systems containing 70 hexadecane
lubricant molecules (2 molecular layers) for all types and
coverages of OFM.
Structure during Sliding. Classical MD simulations of the
OFM−hexadecane system under sliding conditions can yield
important information regarding both the atomistic structure of
the conﬁned ﬁlms and their friction behavior. Figure 3 shows
simulation snapshots for a representative OFM (SA) at low,
medium, and high surface coverages after 500 ps of sliding at 10
m s−1.
The structure of the conﬁned ﬁlms has been studied under
sliding conditions (vs = 10 m s
−1) by analyzing their atomic
mass density proﬁle (Figure 4), atomic position probability
proﬁle (Figure 5), radial distribution function (Figure 6),
hydrogen-bonding network (Figure 7), velocity proﬁle (Figure
8), and center of mass and tilt angle (Figure 9). In general, the
structure of the ﬁlms remains very similar after the compression
phase and during the sliding phase (Supporting Information),
which is consistent with previous NEMD simulations.16,21,50
However, the ﬁlm structure changes signiﬁcantly with OFM
coverage and to a much lesser extent between diﬀerent head
groups and tail groups.
Figure 7. Snapshots of hydrogen bonding between OFM head groups at high coverage 500 ps into a sliding simulation: SA (a), SAm (b), and GMS
(c). Head groups: oxygen shown in red; hydrogen, in white; nitrogen, in blue; and carbon, in cyan. Tail groups are omitted for clarity, and hydrogen
bonds52 are shown in orange.
Figure 8. Proﬁle of atom x velocities from 0.5 Å spatial bins in z, vx(z), overlaid on the mass density proﬁle, ρ(z), and a snapshot of representative
OFM system (SA) at high (i), medium (ii), and low (iii) coverage. Pz = 0.5 GPa and vs = 10 m s
−1.
Figure 9. OFM ﬁlm extension and orientation: average zCoM of OFMs as a function of coverage (a), average C1−9 tilt angle as a function of coverage
under sliding conditions (b), Pz = 0.5 GPa, v = 10 m s
−1. Error bars not shown as within the symbol size. Circles represent OFMs with saturated tail
groups; triangles represent OFMs with tail group Z-unsaturation.
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The overall thickness and layering of the system in the z
direction and the interdigitation of the OFM and hexadecane
layers can be observed through mass density proﬁles, ρ(z)
(Figure 4), and atom position probability proﬁles, p(z) (Figure
5). Data are shown for the saturated and unsaturated acids (SA
and OA) and glycerides (GMS and GMO); amides (SAm and
OAm) are an intermediate case between the two other head
groups, so data for them are shown in the Supporting
Information.
Sharp, intense peaks on the far-left and right-hand sides of
Figure 4 indicate the adsorption of OFM head groups on the
surface, and the less intense peaks which extend further from
the surface are due to the tail groups. The OFM ﬁlms become
substantially thicker and more structured with increasing
coverage. At high coverage (Γ = 4.32 nm−2), the slabs are
separated by approximately 50−55 Å, with up to 10 small peaks
which indicate layering of the tail group carbon atoms.
Comparing proﬁles from OFMs with stearyl (solid) and oleyl
(dotted) tail groups, it is clear that the presence of Z
unsaturation does not signiﬁcantly alter the peak positions or
slab separations. The high-coverage slab separations agree well
with SFA experimental observations, which found that SA ﬁlms
on opposing mica surfaces in hexadecane (46−54 Å) were of
similar thickness to those formed by OA (50−55 Å) when an
elevated concentration of OA was used.8 At medium coverage
(Γ = 2.88 nm−2), the slabs are separated by approximately 40 Å
and the OFM tail groups show much less layering. At low
coverage (Γ = 1.44 nm−2), the slabs are separated by just 25 Å
and the OFM displays only two clear peaks: a large peak at the
surface incorporating both the head group and tail group atoms
close to the surface and a smaller peak which extends to
approximately 5 Å from the surface. The slab separation is
greater for glycerides (Figure 4a) than for acids (Figure 4b) and
amides as a result of the larger head group size, with the
greatest diﬀerence being at high coverage (5 Å).
The height of the individual OFM ﬁlms can be estimated by
measuring the distance of the terminal carbon in the OFM tail,
CTT, from the surface, as shown in Figure 5. At high surface
coverage, glyceride ﬁlm heights are approximately 21 Å (Figure
5a-i), whereas for acids (Figure 5b-i) and amides they are closer
to 19 Å, which agrees well with experimentally measured ﬁlm
thicknesses from in situ AFM experiments.13 At medium
coverage, the average position of the OFM CTT peak is
broader and shifted slightly closer to the surface (approximately
12 Å). At low surface coverage, there are two sharper OFM
CTT peaks just 2 and 7 Å from the surface.
The intense carbonyl, C, peaks close to the surface in Figure
5 indicate that the head group positions are also localized in z.
At low coverage, the C peaks are only 2 Å from the surface for
all of the OFMs. For glyceride OFMs (Figure 5a), this suggests
that most head groups are bound in a bidentate mode, with
both alcohol groups bound to the surface. At medium coverage,
the glyceride C proﬁles are signiﬁcantly diﬀerent from those for
acids and amides, with a second peak of equal intensity
appearing 5 Å from the surface. This suggests that, at medium
coverage, around half of the molecules are bound in a bidentate
mode with the C atoms close to the surface and half are bound
in a monodentate mode with C atoms further from the surface.
For high-coverage glyceride ﬁlms, there is only a peak at 5 Å,
suggesting that all molecules are now bound in a monodentate
mode. The C peaks for acids (Figure 5b) and amides are
generally far sharper than for glycerides (Figure 5a) due to the
closer proximity of the C atoms to the surface.
Figures 4 and 5 also reveal important information regarding
the level of interdigitation of the OFM ﬁlms and the
hexadecane lubricant, which is indicated by the penetration of
the hexadecane proﬁle into the OFM proﬁle. The amount of
penetration is inﬂuenced signiﬁcantly by both the coverage and
the head group type. For all of the OFMs tested, at high
coverage two distinct hexadecane peaks form which correspond
to well-separated layers. In Figures 4 and 5, the outer limits of
the hexadecane peaks extend only to around 1 Å into the OFM
peaks for glycerides (a-i), which increases to 3 Å for acids (b-i),
indicating more interdigitation for the latter. At medium
coverage, there is less layering of the lubricant, with only one
broad hexadecane peak, the outer limits of which extend much
further into the OFM ﬁlm: 5 Å for glycerides (a-ii) and 10 Å for
acids (b-ii). At low coverage, there is even more penetration of
the hexadecane and OFM proﬁles, with a nonzero value for the
OFMs in the center of the ﬁlm, indicating that ﬁlms on
opposing slabs are directly interdigitated. In fact, at low
coverage the hexadecane and OFM peaks directly overlap,
suggesting that they form mixed layers which are likely to
behave similarly to thin ﬁlms of pure hexadecane.51 The
glyceride proﬁles at low coverage (a-iii) contain a larger number
of better deﬁned peaks than those for acids (b-iii) and amides
(six vs ﬁve), suggesting more numerous well-separated layers.
The ordering within the OFM ﬁlms was examined further by
calculating separate radial distribution functions (RDFs), g(r),
for the head group carbon (C) and the terminal carbon (CTT).
In Figure 6, the C RDFs are shifted upward by 10 units for
clarity.
In Figure 6, the carbonyl carbon, C, shows long-range order
for all OFMs and coverages, with the major peaks occurring at
multiples of r = 5 Å. This corresponds to the unit-cell
dimension of the hematite surface,28 conﬁrming that the surface
dictates the head group packing in the OFM ﬁlms.16 Although
the C peak at 5 Å is of similar intensity at all coverages, at high
coverage, there are sharper peaks at 10, 15, and 20 Å, indicating
increased long-range ordering and more solidlike ﬁlms. At all
coverages, the terminal CTT peaks are at least 25% less intense
than the carbonyl C peaks, suggesting that the tail group
positions are less ordered. However, at high coverage, there are
still identiﬁable CTT peaks at 10, 15, and 20 Å, suggesting that
the ﬁlms remain solidlike at the interface between the OFM
ﬁlm and the hexadecane lubricant. At medium coverage, all of
the CTT peaks are less sharp and intense than at high coverage,
suggesting that the ﬁlm is more amorphous with less
correlation between the carbonyl and terminal carbon
positions. At low coverage, the CTT peak at 5 Å is more
intense than at medium coverage because the terminal carbon
atoms are close enough to the surface such that it inﬂuences
their packing. Overall, there appears to be a correlation between
the intensity and long-range order of C and CTT peaks,
suggesting that more ordered head group atoms can lead to
more ordered tail group atoms. The peaks for GMS (Figure 6a)
are generally sharper and more intense than those for SA
(Figure 6b) at all coverages, suggesting that the former yields
more ordered, solid-like ﬁlms. OFMs with amide head groups
represent an intermediate case between acid and glyceride head
groups.
The diﬀerences in the phase of and level of interdigitation
between ﬁlms formed from diﬀerent OFM head groups are
postulated to be due to variations in the hydrogen-bonded
networks, which are shown for the high -coverage case in
Figure 7. These networks were analyzed in VMD45 using
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standard criteria for hydrogen bonding,52 i.e., a bond length
cutoﬀ of 3.9 Å and an angle cutoﬀ of 90°. Intermolecular
hydrogen bonding between the head groups appears to have an
eﬀect on the structure of the OFM-lubricant interface, through
inducing a more solidlike ﬁlm in glycerides than in acids. Amide
OFMs are an intermediate case between acid and glyceride
OFMs. Indeed, excluding those formed between the OFM and
the surface, high-coverage GMS ﬁlms contain approximately
three intermolecular hydrogen bonds per molecule: SAm, two
such bonds per molecule; and SA, one per molecule. The
presence of unsaturation in the tail group has no eﬀect on acid
or amide OFMs; however, GMO forms only approximately two
hydrogen bonds per molecule, perhaps explaining the greater
levels of interdigitation in its ﬁlms compared to those in GMS.
To understand ﬂow within the conﬁned ﬁlms during sliding,
velocity proﬁles, vx(z), for a representative OFM (SA) are
shown in Figure 8. Velocity proﬁles are overlaid onto mass
density proﬁles, ρ(z), and a snapshot of the system in order to
aid the interpretation of the results. Atom velocities are
computed for 0.5 Å spatial bins which are averaged over 100 ps
time blocks during the sliding phase. The velocity proﬁles at all
coverages show that there is no slip at the surface, as expected
for the strongly absorbed OFM head groups. The OFM tail
groups move at a similar velocity as the slab to which they are
absorbed (±5 m s−1) until the region where they become
interdigitated with the hexadecane lubricant. For SA at high
coverage (i), these interfaces are at approximately 20 and 28 Å,
at which points the gradient increases as the interface is
sheared. At 22 and 26 Å, there is a ﬂattening of the velocity
proﬁle, corresponding to the two hexadecane peaks in the mass
density proﬁle, with another increase in the velocity gradient at
24 Å between the two hexadecane layers. This suggests that
these two hexadecane layers move as “plugs” between the OFM
ﬁlms, with three separate slip planes, i.e., at the OFM−
hexadecane interfaces as well as between the two hexadecane
layers. At medium coverage (ii), the slip plane becomes more
diﬃcult to deﬁne, and there appears to be signiﬁcant shearing
within the portion of the OFM tail group which is interdigitated
with hexadecane. The velocity proﬁle passes through zero at the
center of the hexadecane layer, with a shallower gradient than at
high coverage. The low-coverage velocity proﬁle (iii) is more
typical of conventional planar Couette ﬂow, with a nearly linear
velocity proﬁle of the liquid between the slabs. However, the
velocity proﬁle still contains steps which indicate partial plug
ﬂow between combined OFM−hexadecane layers. Such
stepped velocity proﬁles have also been observed in previous
NEMD simulations of pure hexadecane ﬁlms of similar
thickness.52
The extension and orientation of the OFM ﬁlms during
sliding are further analyzed by calculating the average center of
mass with respect to the z coordinate, zCoM (Figure 9a) and
also the tilt angle, θ, deﬁned as the angle between a vector from
the carbonyl C atom to the carbon atom halfway up the chain
(C9) and the surface normal (Figure 9b).
At low coverage, zCoM ≈ 5 Å and θ ≈ 70°, indicating that
most molecules are lying almost ﬂat on the surface. zCoM
increases linearly with coverage, at two diﬀerent gradients
depending on the head group. For acid (SA and OA) and
amide (SAm and OAm) head groups, zCoM reaches a maximum
of approximately 10 Å at high coverage, and for glyceride head
groups, the maximum is 11.5 Å as a result of the larger head
group size. This means that, for the same tail group, glyceride
OFMs yield slightly thicker ﬁlms than acids or amides. OFMs
with saturated and Z-unsaturated tail groups have similar zCoM
values, though saturated ﬁlms are very slightly more extended
(<0.2 Å). The tilt angle, θ, decreases linearly with coverage at
the same rate for all of the OFMs, to approximately 55° at
medium coverage and 40° at high coverage. The high-coverage
value agrees reasonably well with tilt angles estimated from in
situ AFM experiments, around 50° for SA13 and stearyl amine22
monolayers. Possible explanations for the 10° higher tilt angle
in the experiments relative to these simulations include the fact
that a higher pressure (1.6 GPa) was used in the experiments or
that the experiments obtained a lower coverage than the highest
used in these simulations. It is worth noting that both of these
simulations and the in situ AFM experiments yield a
signiﬁcantly larger tilt than that observed in PNR experiments
of stearyl amine on iron oxide surfaces under ambient
conditions (θ ≈ 22°)20 because of additional tilting under
compression. In these simulations, θ appears to be independent
of head group and tail group type, suggesting that once the
molecules are subjected to high pressure (0.5 GPa), all of the
molecules pack in a similar fashion regardless of head group
type or tail group Z-unsaturation. This view is supported by
previous high-pressure (0.3 GPa) simulations of close-packed
alkanethiol monolayers on gold surfaces44 which yielded a
similar tilt angle (θ ≈ 35°); the slightly lower tilt angle can be
rationalized through the lower applied pressure.
One might anticipate that θ would increase after sliding;
however, under these simulation conditions (vs = 10 m s
−1, Pz =
0.5 GPa), the average tilt angle remains very similar under both
compression and sliding conditions. Rather than θ increasing,
the tail groups rotate so that the molecular tilt aligns with the
sliding direction, as can be observed from the average tilt
orientation angle,44 Φ, deﬁned as the orientation of the tilt
angle in the x−y plane, with 0° being completely aligned with
the sliding direction (x). At the onset of sliding, Φ ≈ 80° as the
tilt is aligned predominantly perpendicular to the shear. After
the sliding simulations at low and medium coverage, Φ ≈ 20°,
indicating that the tilt almost completely aligns in the sliding
direction. After the sliding simulations at high coverage, Φ ≈
40°, indicating partial alignment with the sliding direction, as
has been noted in previous NEMD simulations of close-packed
monolayers.53 This partial alignment can be observed visually
by comparing the snapshots shown in Figure 1 (compression)
and Figure 3 (sliding). Longer simulations (10 ns) of high-
coverage SA ﬁlms at vs = 10 m s
−1 result in the same ﬁnal tilt
orientation angle (Φ ≈ 40°), suggesting that, under these
conditions, the molecular tilt is unlikely to fully align with the
sliding direction regardless of the sliding time. Previous NEMD
simulations have suggested that at higher sliding velocities than
those studied here (>30 m s−1), the shear stress may be
suﬃcient to pull molecules in high-coverage ﬁlms into a
completely aligned orientation.44
The fact that θ remains similar moving from compression to
sliding conditions indicates that this angle is determined solely
by the ﬁlm response in supporting the applied pressure,
whereas the applied sliding simply rotates the preferred tilt
orientation toward the sliding direction. The partial alignment
of the molecular tilt with the sliding direction does not have a
signiﬁcant eﬀect on the friction coeﬃcient, the 100 ps block
average of which remains relatively constant throughout the
course of the sampling period for all of the OFMs and
coverages simulated (Supporting Information). Indeed, a
simulation with the initial tilt aligned parallel to the sliding
direction (Φ ≈ 0°) yielded a friction coeﬃcient within the
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statistical uncertainty of that when the initial tilt was
perpendicular to the sliding direction. Previous NEMD
simulations of direct monolayer−monolayer44 and mono-
layer−surface53 systems showed an increase and decrease in
friction, respectively, when the tilt was aligned with the sliding
direction. The fact that friction appears to be independent of
the orientation of the tilt angle in these NEMD simulations
suggests that a thin lubricant layer between the OFM ﬁlms is
critical in maintaining the consistent low friction observed in
previous NEMD simulations15 and boundary friction experi-
ments.10
Sliding Friction. The inﬂuence of surface coverage on the
friction coeﬃcient was probed at a sliding velocity of vs = 10 m
s−1 and a pressure of Pz = 0.5 GPa for acids, amides, and
glycerides (Figure 10a). The variation in the friction coeﬃcient
with sliding velocity was also examined for acids and glycerides
at a pressure Pz = 0.5 GPa (Figure 10b). The results indicate
that the friction coeﬃcient varies signiﬁcantly with OFM
coverage, head group type, and sliding velocity. Figure 10a
shows that for all OFMs considered, at 10 m s−1 the friction
coeﬃcient at high coverage is around 30% lower than at
medium coverage and approximately 25% less than at low
coverage. On the basis of the structural information gathered at
diﬀerent coverages, this reduction in friction can be attributed
to the formation of clear slip planes between the OFM ﬁlms
and the hexadecane lubricant, as observed through density
(Figure 4), probability (Figure 5), and velocity proﬁles (Figure
8) as well as simulation snapshots (Figure 3). These slip planes
are facilitated through the close-packing of the OFM tail
groups, which leads to a solidlike, coherent monolayer ﬁlm
which allows very little interdigitation with the hexadecane
lubricant or with each another. Indeed, large decreases in
friction have also been observed for close-packed monolayers
relative to loose-packed monolayers in previous NEMD
simulations24,54 and AFM experiments,7,55 supporting the
postulate that the formation of close-packed monolayers is
important for the eﬀective friction reduction of OFMs.10
The performance of the OFMs with respect to friction
reduction is as follows: OA ≈ SA < OAm ≈ SAm ≈ GMO <
GMS. As with the variation in coverage, the diﬀerences in ﬁlm
structure can also be used to explain the relative performance of
the various OFM molecules; however, the diﬀerences are more
subtle. Contrary to some previous suggestions regarding the
action of glycerides as friction modiﬁers,56 these simulations
suggest that glycerides are able to act independently as friction
modiﬁers on steel surfaces rather than merely serving as a
reservoir for the acid. This hypothesis is supported by high-
frequency reciprocating rig (HFRR) experimental results on
steel surfaces, which showed higher friction coeﬃcients for the
disubstituted and trisubstituted glyceride than for the
monosubstituted variant,2 suggesting that the molecule as a
whole is responsible for reducing friction, rather than its
hydrolysis products. In fact, GMS is the most eﬀective additive
in reducing friction at all coverages in these simulations, and
this is consistent with the structural information in Figures 4
and 5, which indicates less interdigitation between the OFM
ﬁlm and hexadecane for glyceride compared to acid and amide
as a result of increased intermolecular hydrogen bonding
(Figure 7). At low coverage, the reduced friction coeﬃcient for
glycerides relative to that for acids and amides is probably
Figure 10. Friction coeﬃcient: as a function of coverage at vs = 10 m s
−1 (a) and as a function of sliding velocity (b) at high coverage (i), medium
coverage (ii), and low coverage (iii). The dotted line is a logarithmic ﬁt of the friction−velocity data for each OFM. Error bars were calculated from
the standard deviation between block averages from 100 ps time windows.
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primarily due to increased layering51 of the OFM−hexadecane
system rather than reduced interdigitation. These results agree
with boundary friction experiments which have shown that
amides9 and glycerides10 with saturated tail groups yield lower
friction coeﬃcients than do acids. However, a smaller beneﬁt of
glycerides and amides relative to acids has been observed
experimentally rather than being found in these simulations.
This is probably due to lower glyceride and amide binding
energies relative to that of the acid, which lead to lower surface
coverage at equivalent concentrations; this possibility will be
investigated in future adsorption experiments and DFT
calculations.
To probe the eﬀect of sliding velocity, vs, on the friction of
the OFM ﬁlms, simulations with vs = 1, 2, 5, 10, and 20 m s
−1
were also conducted, as shown in Figure 10b. The chosen
sliding velocities lie at the upper end of the range of
experimentally relevant values while still being computationally
feasible and reliably thermostattable.48 Because experimental
boundary friction data on steel surfaces at diﬀerent velocities
are available in the literature only for acids and glycerides,10
amides are not included in these comparisons. It is noteworthy
that, other than the orientation of the tilt angle mentioned
previously, the ﬁlm structures remained essentially unchanged
through the course of the simulations over the entire range of
sliding velocities simulated.
It is clear from the ﬁtting curves in Figure 10b that the
friction coeﬃcient increases linearly with the logarithm of the
sliding velocity for all of the OFMs and coverages, in accord
with experimental results9,10 and stress-promoted thermal
activation theory.5 The observed increase in friction with
sliding velocity can be rationalized in the following way; as two
atoms approach in the interdigitated region, they experience a
repulsive force. At low sliding velocities and/or high temper-
atures, the molecules can adjust their geometry by thermally
induced translation, rotation, and conformational changes in
order to avoid increasing the repulsive force as the surfaces
move past one another.49 At high sliding velocities and/or low
temperatures, thermal molecular adjustment alone becomes too
slow and must be increasingly augmented by shear-stress-
promoted adjustments, so the shear stress and thus the friction
coeﬃcient increase with sliding velocity.54 Stress-promoted
thermal activation models such as this yield a linear relationship
between the logarithm of sliding velocity and the friction
coeﬃcient.5,10 At high coverage, the barriers to interfacial
sliding are small because there is very little interdigitation of the
OFM ﬁlm and the hexadecane lubricant (Figure 4-i), leading to
a low friction coeﬃcient which is only weakly inﬂuenced by the
sliding velocity (Figure 10b-i). This behavior mirrors that
observed in SFA experiments on high-coverage monolayer ﬁlms
of other surfactants.57 At medium coverage, the amorphous
OFM monolayers are more interdigitated by the lubricant
(Figure 4-ii) and molecular adjustment is relatively slow
because molecules are closely spaced. This means that
activation barriers are both higher and more numerous, leading
to a high friction coeﬃcient which varies signiﬁcantly with
sliding velocity (Figure 10b-ii). At low coverage, the ﬁlm is
more liquidlike, and although the ﬁlms are even more
interdigitated (Figure 4-iii), the widely spaced OFM molecules
are relatively free to rearrange in order to reduce the barrier
height regardless of the sliding velocity.58 This means that low-
coverage ﬁlms display a high friction coeﬃcient which is almost
independent of the sliding velocity (Figure 10b-iii).
At high velocity (vs = 10 m s
−1), the friction coeﬃcient
increases by around 5% for all OFMs between low and medium
coverage (Figure 10a) before decreasing by 30% between
medium and high coverage. This pattern has been observed in
SFA experiments using monolayer ﬁlms formed from other
surfactants in which friction increased as the ﬁlm moved from a
liquidlike to an amorphous ﬁlm and then decreased when a
solidlike ﬁlm was formed.58 This is because, at high velocity, the
closely spaced molecules in medium-coverage ﬁlms have
insuﬃcient time to adjust their positions without augmenting
the shear stress. At low velocity (vs = 1 m s
−1), the friction
coeﬃcient at medium coverage decreases to a value in between
those at low coverage and high coverage (Figure 10b). This is
because the molecules in medium-coverage ﬁlms now have
suﬃcient time to adjust their positions without signiﬁcantly
increasing the shear stress. Boundary friction experiments are
always carried out at relatively low velocity, explaining why a
steady reduction in friction is observed in these experiments
when the concentration of the OFM is increased.3,12
The eﬀect of tail group unsaturation on friction has been a
topic of interest in many experimental7,8,10 and simulation
studies16,17 of OFMs. The current simulation results suggest
that, at equal coverage, the structure (Figures 4 and 5) and
friction (Figure 10) of acid and amide OFMs with Z-
unsaturated tail groups are very similar to their saturated
counterparts. Thus, experimentally observed diﬀerences
between acid and amide OFMs with saturated and Z-
unsaturated tail groups are likely to have arisen from diﬀerences
in their level of adsorption and thus surface coverage at the
tested concentration, rather than from nanoscale structural
diﬀerences. Although the binding energy of the OFM is not
expected to change upon moving from saturated to Z-
unsaturated tail groups,17 the kink in the chain results in a
larger kinetic barrier for the formation of a high-coverage ﬁlm
due to steric eﬀects.19 Indeed, in situ AFM13 experiments have
shown that, unlike SA, OA does not form close-packed
monolayers on mica surfaces at equal concentration. Similarly,
SFA experiments on steel surfaces have indicated that OA is
able form close-packed monolayers, but only when it is added
at much higher concentrations than SA.8 This suggests that, in
boundary friction experiments,10 OFMs with saturated tail
groups are more likely to form high-coverage ﬁlms whereas
OFMs with Z-unsaturated tail groups probably form low-
coverage ﬁlms. In these simulations, one can observe a 25%
reduction in the friction coeﬃcient upon moving from low to
high coverage (Figure 10a). This level of reduction agrees well
with experimentally observed diﬀerences between the friction
coeﬃcients of Z-unsaturated and saturated acid OFMs.10
Moreover, the experimental friction coeﬃcient for OFMs
with saturated tail groups increases linearly with the logarithm
of sliding velocity whereas the friction remains almost constant
for OFMs with Z-unsaturated tail groups.10 This friction−
velocity behavior is also replicated in these simulations, with the
friction of high-coverage (saturated) ﬁlms increasing linearly
with the logarithm of sliding velocity (Figure 10b) and low-
coverage (Z-unsaturated) ﬁlms displaying a friction coeﬃcient
which has only a very weak dependence on sliding velocity
(Figure 10d). The simulations still show a very slight increase
for low-coverage ﬁlms as opposed to complete invariance
observed experimentally. This diﬀerence can be explained
through the possibility of a small amount of lubricant
entrainment in the higher boundary friction experiment
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velocities,9 which, at low coverage, may be suﬃcient to cancel
the slight increase observed in these simulations.
The inﬂuence of the tail group Z-unsaturation on glyceride
OFMs is diﬀerent from that for acids and amides; speciﬁcally,
saturated GMS is signiﬁcantly (10%) more eﬀective at reducing
friction than Z-unsaturated GMO at all coverages and sliding
velocities. This is mirrored by the fact that GMS ﬁlms are less
interdigitated by hexadecane, as shown in Figures 5a and 6a.
The cause of these diﬀerences in structure and friction is
postulated to be a disruption of the hydrogen-bonding network
due to the kink in the tail group.
■ SUMMARY AND CONCLUSIONS
In this study, classical MD simulations with an all-atom force
ﬁeld have been used to investigate the structure and friction of
ﬁlms consisting of a range of model (SA and OA) and
commercially relevant (SAm, OAm, GMS, and GMO) OFMs
adsorbed on iron oxide surfaces and lubricated by a thin layer of
hexadecane. The primary aim was to determine the eﬀects of
surface coverage and sliding velocity as well as head group and
tail group type on the properties of interest. We have shown
that NEMD simulations with accurate all-atom force ﬁelds are
capable of describing the structure and friction of a complex
multicomponent system when care is taken in the simulation
setup. Indeed, we have found very good agreement between
our results for aspects of the ﬁlm structure and friction and
experimental results reported in the literature.
Preliminary squeeze-out simulations demonstrate that, even
at low coverage, OFM ﬁlms are able to support a thin
hexadecane ﬁlm and prevent solid−solid contact at high
pressure (Pz = 0.5 GPa). As the coverage is increased, the
equilibrium ﬁlm thickness increases; however, the amount of
lubricant trapped in this ﬁlm remains constant regardless of
coverage and corresponds to two molecular layers of
hexadecane. This thin layer of hexadecane appears to be critical
in maintaining consistent low friction between high-coverage
ﬁlms.
Compression simulations indicate that the OFM molecules
tilt under the applied pressure (Pz = 0.5 GPa) to an extent that
depends on the coverage. At low coverage, the average tilt angle
was 70°, but this dropped to 40° at high coverage. The latter
angle and the high-coverage slab separation (50−55 Å) agree
well with the experimental results. When sliding is applied, the
average tilt angle does not change signiﬁcantly, but the
orientation of the tilt changes from being aligned perpendicular
to predominantly, though not wholly, parallel with the sliding
direction.
The simulations demonstrate the key role of OFM coverage
in ﬁlm structure and thus in boundary friction. At low coverage,
the hexadecane molecules penetrate the OFM monolayers,
leading to a loosely ordered ﬁlm that responds under shear in a
viscous, almost Couette-like fashion. By contrast, at high
coverage the OFM monolayers form ordered, solidlike
structures with negligible interdigitation between their methyl
groups and the separating hexadecane layer. In these high-
coverage ﬁlms, shear is accommodated by slip planes between
the well-deﬁned OFM−hexadecane and hexadecane−hexade-
cane layers. Consequently, the friction coeﬃcient is consid-
erably lower at high coverage than at low coverage. The
medium-coverage case gives an amorphous ﬁlm structure
which, at vs = 10 m s
−1, leads to the highest friction of the three
studied because it lacks both the ﬂuidity of the low-coverage
case and the clear slip plane formation that occurs at high
coverage.
Amide and particularly glyceride OFMs yield lower friction
coeﬃcients than acid OFMs at all coverages in these
simulations, as has been observed experimentally. This is
achieved through the formation of intermolecular hydrogen
bonds between proximal head groups, which results in more
coherent ﬁlms, thus allowing less lubricant interdigitation.
These simulations suggest that glyceride OFMs are eﬀective at
reducing friction in their own right, and thus hydrolysis to the
carboxylic acid may not be required in order to reduce
boundary friction, as is sometimes proposed.
A linear increase in the friction coeﬃcient with the logarithm
of the sliding velocity is conﬁrmed for all of the OFMs at all
coverages, although the dependence is greatest for medium-
coverage (amorphous) monolayers and very slight for low-
coverage (liquidlike) monolayers. The results of the simulations
suggest that diﬀerences in friction between high -coverage
(solidlike) and medium-coverage (amorphous) OFM ﬁlms will
be relatively small under experimentally relevant boundary
sliding velocities, whereas a 25% reduction is predicted when
moving from low coverage to high coverage, as has been
observed experimentally.
The simulation results provide strong evidence to suggest
that the experimentally observed beneﬁts of OFMs with
saturated tail groups over those containing Z-unsaturation
originate not primarily from the inherent structures of their
ﬁlms but rather from the ability to form ﬁlms with a higher
surface coverage. As a result, saturated OFMs should be used
where possible to facilitate the formation of close-packed
monolayers and maximize friction reduction in the boundary
regime.
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